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3Cátedra de Quı́mica Inorgánica, DEC, Facultad de Quı́mica, Universidad de la
República – P.O. Box 1157, Montevideo, URUGUAY.
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Abstract
The polymer precursor formation and the growth mechanism of (La0.5Ba0.5)(Mn0.5Fe0.5)O3 ceramic nanoparticles

have been studied. First, we focused on the influence of isolated metals (La, Ba, Mn, Fe) on the polymer precursor
formation by means of Raman, FT-IR, scanning electron microscopy and differential scanning calorimetry, showing
that the presence of metal ions, especially iron, increases the oxidation rate of the polymer precursor, while the presence
of barium leads to a higher degree of polymerization, preventing partial oxidation of the polymer at low temperatures
and allowing the presence of nitrates at the combustion stage. Nevertheless, when all metals are present, the polymer
precursor showed a largely homogeneous microstructure with a global average influence from all cations.

Finally, we studied the microstructure evolution of nanoparticles obtained after calcination above 700 °C. SAXS and
TEM analysis suggests that the formation of square-shaped nanoparticles below 900 °C and coalescence leads to the
formation of larger-sized and round-shaped nanoparticles at 900 °C.
Keywords: SAXS, perovskite, nanoparticle, sol-gel, polymer precursor.

I. Introduction
Manganites 1 – 3 and iron-based perovskites 4 – 6 have

been studied in recent years in order to obtain fundamen-
tal and applied knowledge from the physical properties
that they exhibit. Additionally, iron-substituted mangan-
ites (Ln1-YBaYMn1-XFeXO3 with Ln = lanthanides) have
been studied because of their potential application as ox-
idation catalysts. There is strong evidence that Fe-doped
manganites show an enhancement of catalytic activity of
this oxide 7, 8.

In order to obtain ceramic nanoparticles, the most
commonly synthesis techniques used are gel-combus-
tion 9 and the polymer precursor method 10, 11. For
the purposes of this paper, we have selected the poly-
mer precursor method to prepare quaternary perovskite
(La0.5Ba0.5)(Mn0.5Fe0.5)O3. The Pechini method is based
on in-situ polymerization of a polyol and a multifunction-
al carboxylic acid, which plays the role of chelating and
esterification agent 12. Ethylene glycol is commonly used

* Corresponding author: hpardo@fq.edu.uy

as the polyol and citric acid as carboxylic acid because its
three carboxylic groups enhance its chelating ability.

In the particular case of multicomponent perovskites it is
very difficult to obtain strict control of the synthesis using
these “wet chemistry” methods. This is mainly attributed
to the different solubility and stability of the metal-citrate
complexes in solution. Particular caution must be taken
with barium nitrate, because of its low solubility and the
relative low stability of barium-citrate complexes 13.

The thermal stability of citrate and the presence of met-
al cations during the reaction are important aspects dur-
ing the gelation process. Besides, the dehydration process
leading to aconitate is favored when the acidity of the cit-
rate hydroxyls is high 14 – 17. In spite of some suggestions
about the use of carbonates 18, nitrates lead to a thorough
combustion owing to the oxidizing character of these an-
ions. There are reports that transition metals such as iron
and manganese are good catalysts for the oxidation of cit-
rate by nitrates, not only in the combustion conditions but
also at lower temperatures 19.
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The nature of the metal in solution has a significant in-
fluence in the gelification and esterification kinetics since
the presence of metals in solution increases the rate in the
gelification process 20.

The selection of the optimal ratio between citrate and
ethylene glycol is also very relevant and case-sensitive. Ac-
cording to the bibliography 21, excess of ethylene glycol
and high temperature, or excess of citrate and low temper-
atures are adequate conditions for reactions. Although the
high viscosity due to the excess of ethylene glycol prevents
the segregation of salts, high temperature could yield the
decomposition of citrate, so both alternatives should be
considered.

The nitrate-to-citrate ratio is also important in the com-
bustion process, since it determines a complete combus-
tion of the polymeric gel in one step, ensuring kinetic con-
trol to obtain small nanoparticles. A relative high heat-
ing rate at this stage is also one key to preventing the for-
mation of thermodynamically stable intermediates such as
carbonates 20 – 25.

Nevertheless, less attention has been given to the effect of
constitutive metals in the polymer precursor and the con-
sequences for the nanoparticles’ microstructure after ther-
mal treatment. The small-angle x-ray scattering (SAXS)
technique has been widely used to characterize materials
such as polymers, oxide nanoparticles, and more recently,
the microstructure evolution mechanism during the cal-
cination of oxide nanoparticles 26 – 28. Up to now, to our
knowledge, there are very few reports 11 on SAXS studies
evaluating the microstructure evolution in the synthesis of
nanoparticles by means of the polymer precursor method.

In this report we present a detailed study on the syn-
thesis of perovskite nanoparticles with the polymer pre-
cursor method, discussing the influence of metals on
the polymer precursor, the formation mechanism and
the consequences for the microstructure evolution of
(La0.5Ba0.5)(Mn0.5Fe0.5)O3 perovskite nanoparticles.

II. Experimental
Analytical-grade lanthanum nitrate (La(NO3)3.6H2O;

Sigma Aldrich 99.99 %), barium nitrate (Ba(NO3)2; Sigma
Aldrich > 99 %), manganese nitrate (Mn(NO3)2.4H2O;
Sigma Aldrich 99 %), ferric nitrate (Fe(NO3)3.9H2O; Sig-
ma Aldrich 99.99 %), ethylene glycol (C2H6O2) and cit-
ric acid (C6H8O7.H2O) were used as starting materials.
Each metal nitrate (M) and citric acid (CA) was dissolved
in deionized water in a M:CA:H2O molar ratio equal to
1:3:100 and stirred separately for 2 h at 50 °C with M = La,
Ba, Mn and Fe. Ethylene glycol (EG) was added to each so-
lution as well as to the mixed solution in a CA:EG molar
ratio equal to 1:2 and dropwise addition of ammonia was
needed to adjust pH = 3 – 4. All precursor samples were
named pM-T(t) with M = La, Ba, Mn, Fe (for each metal
precursor), LBMFO (for synthesis precursor), T for tem-
perature and t for time of heating. The solutions were heat-
ed at 100 °C for 6 h to form all pM-100(6) polymer precur-
sors.

The polymer precursor of synthesis pLBMFO-100(6)
was heated at 700 °C, 800 °C, and 900 °C for 4 h
using a 10 °K/min rate to obtain nanocrystalline

(La0.5Ba0.5)(Mn0.5Fe0.5)O3 samples named LBMFO-T,
using T for temperature of heating.

Raman spectroscopy was used to study in-situ polymer-
ization stage in pM-100(t) samples with t = 0, 3, 6 h us-
ing a DeltaNu Advance 532 spectrometer with a 532 nm
laser wavelength and 20mW power using glass vials in the
range of 200 – 3400 cm-1 by averaging 30 scans with a res-
olution of 3 cm-1 for each spectrum with total integra-
tion time of 300 s. Only fluorescence correction was per-
formed on the raw data using DeltaNu Advance Software.
pM-100(6) samples were also analyzed by means of FT-IR
spectroscopy using a Shimadzu Prestige 21 FT-IR in 3 %
KBr pellets in the range of 400 – 4000 cm-1 by averaging 30
scans with a resolution of 3 cm-1 for each spectrum.

In order to assign the vibrational modes of experimen-
tal data we calculated Raman and Infrared spectra for ni-
trate ion, citric acid (CA), ethylene glycol (EG) and a ref-
erence monomer of two ethylene glycol linked via ester to
terminal carboxyl groups of citric acid (EG-CA-EG). We
performed quantum chemical calculations using density
functional theory (DFT) 29, 30 using the hybrid exchange-
correlation potential B3LYP 31 – 34 at 6 – 311+G(d,p) level
of theory as implemented in Gaussian 09 35.

Elemental analysis was performed using Elemental An-
alyzer Carlo Erba Model 1108. Thermal decomposi-
tion was analyzed by Differential Scanning Calorime-
try (DSC) and thermogravimetric analysis (TGA) using
Shimadzu DSC-60 and TGA using Shimadzu TGA-50,
respectively. Both analyses were performed at 50 mL/
min air flow and a heating rate of 10 °K/min between
30 – 600 °C. DSC measurements were additionally per-
formed on sealed aluminum crimps in order to observe
more clearly thermal decomposition avoiding the ethylene
glycol excess evaporation. pM-100(6) and nanocrystalline
powder were also observed in a JEOL JSM-5900LV scan-
ning electron microscope (SEM) in the secondary electron
imaging mode (SEI) and in the backscattered electron
composition (BEC) imaging mode with EDS analysis. x-
ray powder diffraction (XRPD) was performed using a
Rigaku Ultima IV diffractometer with CuKa radiation in
the range 2h = 10 – 70° in 2h scanning for 2 s every 0.02
degrees. Small angle x-ray scattering (SAXS) experiments
were performed using a Rigaku Ultima IV diffractome-
ter with CuKa radiation in q scattering vector range of
0.08 – 4.00 Å-1 analyzed with the three-region Guinier-
Porod model 36.

The Guinier part of the I(q) versus q curve implemented
in the low- and mid-q region in this model is given by the
following equations:

I(q) =
G1

qS1 e
-q2R2

G1
3-S1 (at low-q region) (1)

I(q) =
G2

qS2 e
-q2R2

G2
3-S2 (at mid-q region) (2)

where Gi is a Guinier scale factor, Rg is the gyration radius
and the parameter Si is a parameter included to model non-
spherical objects being Si = 2 for lamellae or platelets, Si = 1
for rods and Si =0 for spheres. In the three region model,
for randomly oriented lamellae of thickness (T) with equal
width and length (W = L), Rg1 = (W2/12 + T2/12)1/2 and
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Rg2 = T/121/2 using S1 = 0 and S2 = 2 in Eq. 1 and 2, respec-
tively. On the other hand, for a sphere with radius (R), the
gyration radius of is Rg = R(3/5)1/2. SAXS analysis can be
employed to study the fractal structures employing pow-
er-law regions in which the intensity I(q) may show an ex-
ponential dependence on q as shown in Eq. 3.

I(q) = A q-P (3)

where P is the Porod exponent and A is a Porod scale
factor.

The value of the Porod exponent (P) gives the dimension-
ality of the scattering object in which mass fractals (DM)
and surface fractals (DS) dimensions are given in the fol-
lowing equations:

0 < p < 2 for mass fractal, DM = P + 1
2 < p < 3 for surface fractal, DS = 6 – (P + 1)

P > 3 for non-fractal 36.
Nanoparticles were observed at 100 kV using a JE-

OL JEM 1010 transmission electron microscope (TEM)
equipped with a Hamamatsu C-4742 – 95 camera. The
powder was dispersed in isopropyl alcohol and sonicated
for 10 min. A 5 lL drop of the solution was deposited onto
a holey carbon film.

III. Results and Discussion

(1) Effect of metal on the pLBMFO-100(6) polymer pre-
cursor formation

(a) Raman and FT-IR analysis
A strong peak in all pM-100(t) Raman spectra (Fig. 1) at

∼ 1052 cm-1 due to symmetric stretching of nitrate was ob-
served. All samples except pBa-100(t) showed a progres-
sive decrease of nitrate peak with increasing time, mostly
for pFe-100(t) sample, probably due to its consumption
on the oxidation of ethylene glycol and citrate. It is well
known that many metals, but especially iron, play an im-
portant role as a catalyst in the oxidation of organic com-
pounds. Furthermore, all samples and mostly pBa-100(t)
showed a progressive Raman shift from 1052 to 1046 cm-1

with increasing time, suggesting partial formation of ni-
trate-to-metal links 37, 38 as the evaporation of water takes
place. In pBa-100(t), both the constant intensity and the
shift towards lower wavenumber are mainly attributed to
the higher stability of barium nitrate in comparison with
the other cations.

Raman analysis suggested the linkage between citrate
and ethylene glycol for all pM-100(6) samples com-
pared to free ethylene glycol and citric acid, evidenced
by Raman shifts from 750 to 780 – 800 cm-1, is proba-
bly due to central citrate carbonyl m(C-C) stretching, 860
to 885 – 910 cm-1 probably due to ethylene glycol m(C-
O) stretching, 937 to 950 – 960 cm-1 probably due to cit-
rate terminal carbonyl m(C-C) stretching. All vibrational
modes observed experimentally were assigned by theoret-
ical calculations and are listed in Table 1.

FT-IR spectra of pM-100(6) samples (Fig. 2) showed
a shift in the ethylene glycol m(C-O) from 1063 to
1080 – 1085 cm-1 duetoesterificationbut inpFe-100(6) the
intensity of this vibrational mode is less intense than in the
other samples, in agreement with the higher oxidation as-

cribed to its catalyst behavior. Another shift was observed
in the citrate terminal carbonyl stretching mode from 1155
to 1175 – 1200 cm-1 due to esterification 40. Evidence of
metal coordination in all samples could be assigned by
two peaks at 1430 – 1450 and 1600 – 1650 cm-1 probably
attributed to the asymmetric and symmetric stretching
vibrations, respectively, of unidentate and bidentate car-
boxylate groups 40 – 42. Nevertheless, this assumption is
affected by the dH2O overlapping at 1640 cm-1 in both
Raman and FT-IR spectra. The symmetric stretching of
terminal and central carbonyl groups m(O=C=O) are seen
at 1724 – 1730 cm-1 and 1735 – 1755 cm-1, respectively, ap-
pearingasabroadsinglebandcenteredat1720 – 1740 cm-1,
as observed previously for this polyester 43 – 47. In pFe-
100(6) sample, a noticeable decrease in the intensity of C-
O stretching modes of ethylene glycol at 888 cm-1 and
1080 cm-1 accompanied by a slight increase in the C=O
stretchingmodesat1724 cm-1suggestedoxidationofethy-
lene glycol probably to form glycolaldehyde or glycolic
acid 48 and partial ketonic decarboxylation of citric acid
to form acetoacetic ester 49. pLBMFO-100(6) showed all
vibrational modes corresponding to the polyester forma-
tion as observed and discussed for isolated pM-150 spec-
tra, with a particular similarity with M = Ba and Mn spec-
tra. Regarding on this observations, it could be assumed
that the presence of barium and manganese in these poly-
mer precursors will tend to form higher-polymerized and
homogeneous microstructures while the presence of lan-
thanum and specially iron, to form lower-polymerized
and inhomogeneous microstructures.

Fig. 1: Raman nitrate stretching peak of pM-100(t) with t =0, 3 and
6 h.
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Table 1: Observed frequencies in infrared (I) and Raman (R) spectra for pM-100(6) in cm-1 and assignation based in NO-
3,

CA, EG and EG-CA-EG monomer theoretical calculation (*).

NO-
3* CA* EG* EG-

CA-EG* pLa-100(6) pBa-100(6) pMn-100(6) pFe-100(6)

p(OH)-CA
central - 586s (I) - 664s (I) 661s (I) 663m (I) 667s (I) 663m (I)

c(C-C-O)-
CA - 708s (I) - 774s (I) 792s (I) 779w (I) 793w,

813w (I)
785w,

809w (I)

m(C-C)-CA
central - 754s (R) - 780s (R) 796s (R) 797vw,

811vw (R)
783w,

813w (R)
779w,

800w (R)

m(C-O)-EG - - 843s (R,I) 862s (R-I)

868s (R)
841s (I)
896s (R)
893s (I)

872vw (R)

885s (R)

870w (R)
877w (I)
882w (R)
889s (I)

870m (R)
879m (I)

–

m(C-C)-CA
terminal - 937s (R) - 937s (R)

937s (I)
955s (R)
958w (I) 951s (R) 952s (R) 947s (R)

m(C-O)-CA
hydroxyl - - 988w (R,I) 976w (R) 979m (R)

977m (I)
979w (R)
976m (I) 978w (I) 975w (I)

m(N=O)-
NO3

1073vs
(R) - - - 1046vs (R) 1046vs (R) 1053m (R) 1049w (R)

mas(C-O)-
EG - - 1063s (I) 1094s (R)

1094s (I)
1088s (R)
1080s (I)

1090s (R)
1082s (I)

1092m (R)
1082m (I)

1090m (R)
1080m (I)

m(C-OH)-
CA central - 1132m (R,I) - 1134m (R)

1131m (I)
1142m (R)
1122m (I)

1137m (R)
1122m (I)

1138w (R)
1124w (I)

1133w (R)
1122w (I)

m(C-O)-CA
terminal

- 1155s (I) -
1175s (I) 1180s (I) 1181s (I) 1198s (I) 1176s (I)

p(CH2)-EG - - 1185m (R,I)

m(C-OH)-
CA central - 1200w (R,I) - 1256w (R,I) 1288w (R) 1242w (R-I) 1252w (I) 1264w (R)

1250w (I)

m(N=O)-
NO3

1339s (I) - - - 1388m (I) 1385m (I) 1385s (I) 1385w (I)

d(C-O-H)-
CA 1345m (R) 1391m (R)

wag(CH2)-
CA - 1395s (R)

1395s (I) - 1483vw (R) 1403m (R) 1403m (R) 1398m (R) 1398m (R)

p(CH2)-EG - - 1360m (R) 1404m (R)

p(CH2)-CA - 1306vw (R) - 1416m (R) 1415m (R) 1413m (R) 1412m (R) 1418m (R)

ds(C-O-H)-
CA - 1401m (R) - 1437w (R) 1430m (R) 1424m (R) 1426m (R) 1426m (R)

p(CH2)-EG - - 1411m (R) 1456s (R) 1464s (R) 1468s (R) 1467m (R) 1469m (R)

mas(COO-)-
CA - 1450m (I) - - ∼1452m (I) ∼1436m (I) ∼1427m (I) ∼1429s (I)

ms(COO-)-
CA - 1745m (I) - - ∼1614m (I) ∼1610mw (I) ∼1624mw (I) ∼1640m (I)

m(C=O)-CA
terminal - 1811s (R) - 1845s (R) 1730m (R) 1730m (R) 1724m (R) 1724s (R)

m(C=O)-CA
central - 1835s (R) - 1858s (R) 1751m (R) 1752m (R) 1735m (R) 1735s (R)

Assignments are as follows: m (stretching), d (scissoring), p (twisting), c (out-of plane deformation), wag (wagging), s
(strong), m (middle), w (weak).
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Fig. 2: FT-IR spectra of pM-100(6) samples with M = La, Ba, Mn,
Fe and LBMFO.

(b) SEM and EDS analysis
SEM images related to all pM-100(6) samples precursors

show (Fig. 3) a polymer-like feature evidenced by a typi-
cal morphology consistent in bidimensional layers. In the
case of pLa-100(6), pBa-100(6) and pMn-100(6), the layer
thickness appeared to be higher than in pFe-100(6) sam-
ples. On the other hand, especially in pFe-100(6) sam-
ple the layers appeared to be smaller and more exfoliated,
which could be in agreement with a poor level of polymer-
ization owing to the oxidation process as discussed pre-
viously. pLBMFO-100(6) showed the same layered poly-
meric-type structure as observed for isolated samples and
no evidence of local decomposition was observed, sug-
gesting that this precursor did not behave as simply the
sum of all isolated precursors. EDS analysis confirmed the
presence of all metallic species in a good homogeneous dis-
tribution in the polymeric precursor. When all metals are
present, it could be assumed that the polymer precursor,
instead of being formed by different layers of the isolated
precursors, is formed by homogeneous layers having an
average of all isolated precursors’ level of polymerization
with a well-defined intermediate microstructure.

(c) DSC and TGA analysis
DSC, performed on air flow condition, showed no sig-

nificant evidence of citrate decomposition or citrate-ethy-

lene glycol polyester below 300 °C (Fig. 4a) probably hid-
den because of the broad peak related to ethylene glycol
evaporation 50. For this reason, DSC performed on sealed
aluminum crimps (Fig. 4a-inset) were used in order to ob-
serve thermal decomposition below 300 °C avoiding this
broad endothermic peak.

Fig. 3: SEM images for pM-100(6) with M = La (a), Ba (b), Mn
(c), Fe (d) and LBMFO on secondary electron imaging SEI (e) and
backscattered electron collection mode BEC (f) with EDS analysis.

pLBMFO-100(6) showed an endothermic peak at
∼ 223 °C attributed to the dehydratation and decarboxyla-
tion of the polymer precursor resin. pLa-100(6) and pBa-
100(6) samples showed an endothermic peak at higher
temperatures (240 – 255 °C), suggesting a high level of
polymerization while pFe-100(6) and pMn-100(6) sam-
ples showed lower temperatures of decarboxylation (T =
180 – 230 °C). This is probably due to the minor level of
coordination of higher size ions with citrate carboxylates,
especially Barium, and the consequently major number
of free citrate carboxylates to form more ester links with
ethylene glycol. This observation suggests an interme-
diate level of polymerization in comparison to isolated
precursors and allows us to argue that the pLBMFO-
100(6) system did not polymerize as simply the sum of
individual pM-100(6) samples because there is only one
endothermic peak, also suggesting good homogeneity of
the dry precursor.

DSC performed on air flow conditions showed that com-
bustion of pLBMFO-100(6) took place at 450 – 500 °C in
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a single exothermic step as usually observed for high-
ly homogeneous polymer precursors 39. pLa-100(6),
pMn-100(6) and pFe-100(6) combustion was observed
at 400 – 520 °C, 370 – 400 °C and 270 – 430 °C, respective-
ly, and no combustion process was observed until 600 °C
for the pBa-100(6) sample. Temperature of combustion
of pLBMFO-100(6) polymer precursor showed an inter-
mediate temperature of combustion in comparison with
all isolated pM-100(6) precursors, also suggesting that the
pLBMFO-100(6) chemical structure is not the simply the
sum of all isolated precursors with M=La, Ba, Mn and
Fe, but that a global average influence from all of them is
observed.

Fig. 4: a) DSC performed in open and sealed (inset) aluminum
crimps and b) TGA-DrTGA for pM-100(6) with M = La, Ba, Mn,
Fe, LBMFO.

TGA performed on this sample (Fig. 4b) showed a
weight loss of about 10 % below 150 °C, which is prob-
ably due to humidity; and a 20 % weight loss between
180 – 300 °C probably due to ethylene glycol excess evap-
oration and citrate partial decarboxylation and total de-
composition of organic matter at approximately 400 °C
with a weight loss of 40 %.

Elemental analysis showed a decrease in the weight frac-
tion of nitrogen for all samples when compared to initial
molar ratios. This fact is also in accordance with partial
oxidation of ethylene glycol and citrate, especially in pLa-
100(6) and pFe-100(6) samples, in which the nitrogen con-
tent was close to zero. pLBMFO-100(6) sample elemental

analysis also evidenced a partial oxidation of the polyester
and it could be assumed that it is due to the presence of lan-
thanum and mostly iron in the polymer precursor.

(2) Effect of polymer precursor on the microstructure
evolution of LBMFO-T nanoparticles.

(a) XRPD analysis
XRPD analysis (Fig. 5) of pLBMFO-100(6) sample con-

firmed the presence of a highly amorphous polymer show-
ing only a very wide peak centered at 2h ∼ 23° due to
very small-sized nanocrystalline polyester. The forma-
tion of nanocrystalline perovskite powder is observed
after direct calcination of pLBMFO-100(6) polymer pre-
cursor at 700 °C (LBMFO-700) with minor concentra-
tions of La2O3, BaCO3 and LaMnO3 impurities that
are almost totally eliminated at higher temperatures. We
determined a crystallite average size following the full
width at half maximum method (FWHM) obtaining 12,
19 and 23 nm for LBMFO-700, LBMFO-800 and LBM-
FO-900, respectively. According to XRPD characteri-
zation performed, calcinated samples below 900 °C pre-
sented detectable amounts of cubic-LaMnO3, but pure
(La0.5Ba0.5)(Mn0.5Fe0.5)O3 phase is obtained without the
presence of this secondary phase at 900 °C. Rietveld re-
finement of LBMFO-900 sample data (not shown) showed
that LaBaMnFeO6-d compound best fitted in a tetragonal
structure P4/mmm space group.

Fig. 5: x-ray powder diffraction for pLBMFO-100(6) and LBMFO-
T with T = 700 °C, 800 °C and 900 °C. BaCO3 and La2O3 impurities
are marked with a square and circle, respectively.

(b) TEM analysis
TEM images (Fig. 6) of LBMFO-T with T = 700 and

800 °C showed the presence of nanoparticles sized be-
tween 40 – 70 nm and some larger-sized clusters. As
observed in Fig. 6d and Fig. 6e, nanoparticles showed a
square-like microstructure and sizes corresponding to the
presence of three and four crystalline domain nanopar-
ticles according to the crystallite size determined using
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the Scherrer equation. The square-like microstructure
of these nanoparticles could have its origin in the mi-
crostructure of the polymer precursor, considering that
the calcination takes place in a single step with a high tem-
perature ramp rate. This fact enables kinetic control of the
synthesis of these oxide nanoparticles and the polymer
precursor lamellae microstructure could serve as a tem-
plate not only influencing size but also the morphology of
nanoparticles obtained after its calcination. On the other
hand, TEM images of LBMFO-900 showed nanocrystal-
lites sizes of ∼ 80 nm but also larger-sized nanoparticles
with sizes ranging between ∼ 100 – 150 nm and formed
owing to the coalescence of smaller-sized nanoparticles.
As observed in Fig. 6c and Fig. 6f, when the temperature
is high enough, the larger-sized nanoparticles obtained
are rounder in shape owing to the coalescence of small-
er nanoparticles. At higher temperatures of calcination,
coalescence between adjacent grains increases owing to
the increase of the diffusion process usually following the
Fick’s law. This phenomenon clearly leads to the forma-
tion of larger-sized nanoparticles and also to the change in
the nanoparticles’ morphology. Considering that the ma-
jor diffusivity is observed on the grain surfaces, this could
be probably the reason that smaller square-like nanocrys-
tals coalesce to form edge-softened, round-shaped and
larger-sized nanoparticles.

Fig. 6: TEM images for LBMFO-T with T = 700 °C (a,d), 800 °C
(b,e) and 900 °C (c,f).

(c) SAXS analysis
I(q) vs. q curves (Fig. 7) showed two power law regions,

one at high-q region (∼ 0.06 < q < 0.011 Å) and another
at low-q region (∼ 0.02 < q < 0.03 Å). Additionally, two
broad crossover regions corresponding to the scatterers’
length scales were observed at low-q region (∼ 0.01 < q <
0.02 Å) and mid q-region (∼ 0.03 < q < 0.06 Å). The scat-
terers’ crossover regions were analyzed with the Guinier
functions (Eq. 1 and 2) and two models were studied; a sin-
gle population of lamellae particles with equal width (W)
and length (L) and a different thickness (T) and a two pop-
ulation of spherical particles with different diameters (D1
and D2).

At low-q region (∼ 0.01 < q < 0.02 Å), both spherical and
lamellae models gave the same fitting statistics parameters
(both models use S1 = 0 in Eq. 1) but different values for

diameter (D1) and width (W=L). As observed in Table 2,
spherical diameters obtained were D1 ∼ 50 nm and lamel-
lae widths were W = L ∼ 70 nm in accordance with the
nanoparticles sizes observed in the TEM images (Fig. 6d-
f) and especially in agreement with those values obtained
for lamellae fit.

Fig. 7: I(q) vs. q plots of SAXS data and Guinier-Porod fit for
pLBMFO-100(6) and LBMFO-T with T = 700 °C, 800 °C and
900 °C.

At mid-q region (0.02 < q <0.03 Å-1) power law showed
a ∼q-4 dependence for all samples in accordance with the
mass fractals of clusters of nanoparticles. At higher mid-q
region (0.03 < q <0.06 Å-1), Guinier fit using the lamellar
approach (S2 = 2 in Eq. 2) showed better fitting statistics
parameters compared to those obtained for a new popula-
tion of spherical particles (S2 = 0 in Eq. 2), especially for
pLBMFO-100(6) and LBMFO-700 samples. This could
suggest that the mid-q region crossover is probably at-
tributed to the thickness (T) in a lamellae model but this
assumption can be hardly affected with the smoothness
of the I(q) vs. q curves at mid-q region caused by the po-
lidispersion and also with the correlation length between
nanoparticles, which is typically of the same order (d ∼
3 – 10 nm) 27 for powder samples.

Power law observed at high-q region (∼ 0.06 < q <
0.11 Å-1) showed a ∼ q-5 dependence for LBMFO-T with
T = 800 °C and 900 °C while a ∼q-3 dependence was ob-
served in the case of pLBMFO-100(6) and LBMFO-700.
The I(q) ∼ q-5 dependence observed for nanoparticles ob-
tained at higher temperatures is associated with a high sur-
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face fractal owing to the smooth surface of nanocrystals.
On the other hand, the I(q) ∼ q-3 dependence observed
for the polymer precursor and the nanoparticles obtained
at 700 °C is associated with a D ∼ 2 – 3 fractal dimension,
typically observed in polymeric samples and nanoparti-
cles with high rugosity. Two additional humps were ob-
served for LBMFO-800 and LBMFO-900 at high-q re-
gion, ascribed to the correlation lengths between nanopar-
ticles. These distances can be roughly estimated to be ∼
2p/(0.06Å-1) = 10 nm and 2p/(0.1Å-1) = 6 nm for LBMFO-
800 and LBMFO-900, respectively. It is important to no-
tice that these length scales are more likely to be ascribed to
correlation lengths between nanoparticles than with a new
smaller-sized population of nanoparticles, based on the
fact that SAXS intensity is proportional to the electronic

density contrast between the two phases and smaller-sized
nanoparticles are very low-intensity scatterers.

Anillustrativescheme(Fig. 8) isshownwiththeproposed
crystal growth mechanism of (La0.5Ba0.5)(Mn0.5Fe0.5)O3
nanoparticles. Based on all results obtained using differ-
ent techniques, we observed that the polymer precur-
sor acts as some kind of template for nanoparticles ob-
tainedafter itsdirectcalcinationat lower temperatures (T=
700 – 800 °C), not only determining size but also influenc-
ing the square-shaped microstructure of these perovskite
nanoparticles. At higher temperatures (T = 900 °C), coa-
lescence of small nanoparticles tend to form larger-sized
and round-shaped nanoparticles owing to coalescence be-
tween adjacent grains.

Fig. 8: Schematic showingthe proposed crystal growth mechanism of (La0.5Ba0.5)(Mn0.5Fe0.5)O3 nanoparticles.

Table 2: Guinier-Porod fit analysis using Eqs. 1, 2 and 3 with S1 = 0 and S2 = 2 for the single population of lamellae particles
model and S1 = S2 =0 for the two-population of spherical particles model.

pLBMFO100(6) LBMFO700 LBMFO800 LBMFO900

Low-q region (∼0.01<q<0.02 Å)
Lamellae
W=L (nm) 69.1 71.0 76.4 73.3
R2 0.988 0.993 0.999 0.996
Spherical
D1 (nm) 51.5 53.0 57.1 54.6
R2 0.988 0.993 0.999 0.996

Mid-q region (∼0.02<q<0.03 Å)
Power law (p) 3.75 3.91 5.32 4.86
R2 0.972 0.967 0.997 0.989

Mid-q region (∼0.03<q<0.06 Å)
Lamellae
T (nm) 6.06 7.52 6.97 7.02
R2 0.989 0.993 0.962 0.990
Spherical
D2 (nm) 13.44 15.53 16.04 15.44
R2 0.971 0.979 0.954 0.994

High-q region (∼0.06<q<0.10 Å)
Power law (p) 3.43 2.75 4.74 5.34
R2 0.947 0.846 0.967 0.983
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IV. Conclusions
(La0.5Ba0.5)(Mn0.5Fe0.5)O3 nanoparticles were success-

fully synthesized with the polymer precursor method. The
composition and microstructure of the polymer precur-
sor was found to be highly influenced by the presence of
different metals. Iron acts as a strong catalyst in oxidation
processes of the polymer precursor, leading to a low level
of polymerization. On the other hand, the presence of bar-
ium induced a high level of polymerization with no sig-
nificant evidence of oxidation owing to the high stabili-
ty of barium nitrate. favoring a good homogeneity of the
polymer precursor in the synthesis. When all metals are
present, the polymer precursor showed a largely homoge-
neous microstructure with a global average influence from
all cations. Thermal decomposition analysis showed clear
evidence of homogeneity by means of single-step combus-
tion allowing us to obtain good purity nanoparticles above
700 °C. There is a contribution of the polymer precursor
lamellar microstructure acting as some kind of template
for the square-shaped nanoparticles obtained after its di-
rect calcination at lower temperatures (T = 700 – 800 °C).
At higher temperatures (T = 900 °C), nanoparticles are
larger in size and more likely to have a round-shaped
microstructure owing to the coalescence of smaller-sized
square-shaped nanoparticles.
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An EXAFS and nêutron diffraction study, Physica C, 356,
149 – 159, (2001).
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